The Space Density of Atmospheric Dust in the Altitude Range 50,000 to 90,000 Feet'
By Paul W. Hodge 2 and Frances W. Wright 3 The importance of collecting and analyzing meteoritic dust particles has been enhanced by the recent suggestion of a remarkably localized dust cloud about the earth (Whipple, 1961a) , and by the likelihood that this dust has a lunar origin (Whipple, 1961b) . Artificial satellites efficiently provide the evidence for the probable existence of the earth's dust belt; however, they are not yet capable of capturing samples of this material and returning them to earth for analysis. For such highly desirable samples we must at present rely on the earth's atmosphere to act as a cushion, braking the high-velocity particles and concentrating them in sufficient numbers for collection on highflying aircraft and balloons.
The Smithsonian Astrophysical Observatory has been employing jet aircraft and balloons to collect particles from various levels of the stratosphere. In previous publications we have described a series of particle collections made at altitudes of 30,000 to 50,000 feet (Hodge and Rinehart, 1958; Hodge, 1961; Wright, Hodge, and Fireman, 1961) . Fireman and Kistner (1961) and Riggs, Wright, and Hodge (1962) have made chemical analyses of some of these particles. The present paper presents results of the first of a series of collections at altitudes between 50,000 and 90,000 feet, made in cooperation with the Flight Research Center of the National Aeronautics and Space Administration.
Collecting procedure
The collector.-The device used in the present collecting program is a refinement of our first collector, which was flown on a U-2 (see photograph in the paper by Rados, 1960 , that describes our U-2 program). It is nearly identical with the device flown on the B-52 (Hodge, 1961) , although mounted on the aircraft differently. Air is admitted to an expansion chamber and filtered by a Millipore filter, which retains all particles down to the submicron range. The shutter mechanism and filter housing are so designed that exposure of the filter to air at times other than the period during which the shutter is open in flight is minimized.
Location on aircraft.-The collector was flown on an F-104A aircraft by the Flight Research Center of the National Aeronautics and Space Administration, out of Edwards, Calif. Plate 1 shows the device in place on the tip of the right wing of the aircraft; an identical collector was also mounted on the left wing, but it was not in operation. The wing tip was chosen as a prime location because contamination of the sample by the body of the craft was minimized.
Flight characteristics.-A pressure switch installed on the wing activated the shutter at an altitude of about 55,000 feet, so that dust was collected continuously at all heights above this limit. The flights of the F-104A on which collections were made were typically shortduration, high-altitude climbs to above 80,000 feet. Collections were made on nine such flights. Heights, velocities, temperatures and wind characteristics for each flight are shown in table 5.
Examination of samples
Microscope procedure.-We made a general survey of each filter (40 mm in diameter) from edge to edge, with a microscope of 200 X magnification, and measured, described, and recorded the position of all types of particles larger than 6/* (mean diameter).
Then, within the central exposed portion of the filter (a circle of 14-mm diameter), we made a survey under 400 X magnification, and measured, described, and recorded the positions of all opaque particles with mean diameters larger than 3/x. The numerical results of these two scannings are shown in table 1 .
Classification of particles.-We found that all particles examined were included in the following classification scheme:
The second scan, within the 14-mm circle, excluded the very numerous colored and transparent particles.
The complete scanning data are given in table 4.
Results
Description of flights and collections.-The characteristics of the nine flights were all very nearly the same. Exposure times averaged 95 seconds, with a dispersion of about 20 percent; maximum altitudes averaged 83,000 feet with a dispersion of only 9 percent. The small differences in the exposure times or altitudes of different flights are not expected to affect greatly the number or nature of particles. For this reason the observed numbers of particles are expected to reflect primarily differences in space density rather than in flight characteristics. Table 1 summarizes the individual flight characteristics and scanning results, details of which are given more completely in table 5. Table 1 shows the total numbers of particles (with mean dimensions greater than 3M) on the exposed portions of each filter; this value was computed from counts on smaller areas, and over a different size range, by applying the appropriate multiplication factors (e.g., the known size distribution). The numbers of opaque particles given in table 1 are those directly observed and measured. From the data of table 1 three facts are evident. (1) The total number of particles and the number of opaque particles vary widely, over a range of two orders of magnitude. (2) The two values agree in their differences; when the number of all types of particles is high, the number of opaque particles is high. (3) The ratio of total to opaque varies between 2 and 10, and is larger when the actual values are larger.
Computed space densities.-Because the collector's altitude and velocity varied widely during the collections, we cannot obtain straightforward space densities as a function of height. Instead, we obtain a mean value, weighted according to altitude by the volume encountered as a function of altitude. This space density is computed by where p is the weighted mean density, k is the efficiency of the collector, N Q is the number of collected particles (total minus contamination), and V is the volume encountered by the collector (kV is the volume swept out).
In our case, iV 0 is taken as equal to the value given in table 1 if we assume no contamination (thus giving an upper limit to p). The volume encountered is taken to be 
V=A V\(t)dt,
where A is the area of the opening of the collector (3X10 -6 m 2 ); v(t) is the aircraft's velocity as a function of time; and t x is the time of the beginning, and t 2 the time of the end of the exposure.
We do not have direct values for v(t), but we do know M(t), the Mach number as a function of time. This value is related to the velocity of the plane with respect to the air by
v(t)=20.lM(t)JT(t),
where M(/) is the Mach number and T(t) is the temperature in absolute units.
Thus we can compute the average space density of particles by the equation
This has been done numerically for the flights, and results are given in table 2. The volume of air sampled in each case is nearly one cubic meter, and the value for kp~ is normally of the order of 150 particles per cubic meter for all particles with diameters greater than 3;u-The average value is 156, excluding Nl and N7 (see below). The efficiency k of the collector has been determined from wind-tunnel tests carried out by P. Stroom of General Mills. He made an experimental calibration by injecting particles into the air stream, and then comparing the number collected by our device and that collected by a collector of known efficiency. The calibration showed that at Mach 0.6 and altitude 50,000 feet our collector is 15 percent efficient. This low efficiency results from the very small pore-size of the filters and from some loss on the walls and other portions of the collector. The central part of the collector retained 7 percent of the particles; the remainder were concentrated near the edges. Calculations based on pressure differentials measured in the wind tunnel indicate that the efficiency of filtering increases with velocity and decreases with height. For a typical F-104A flight this efficiency varies between 0.7 and 4.1 times that of the nights at 50,000 feet and Mach 0.6. Experimental tests with particles were not carried out for Mach numbers greater than 0.6, so that we estimate the efficiency from the pressure data. We believe that a realistic time average for the F-104A flights is an efficiency of approximately 15 percent ±3. We adopt a value of 0.15 for k; the derived space density p is nearly 7 times the values of kp tabulated in table 2. Thus the space density is normally of the order of 1000 particles larger than 3/x per cubic meter. In figure 1 , the volume of air encountered is shown as a function of altitude for the typical flight on which filter G8 was flown. The diagram indicates that the volume of air is not a rapidly varying function of altitude, and that, within the accuracy to which we can discuss the present data, the computed p is very nearly equivalent to a mean space density for altitudes between 55,000 and 85,000 feet.
On two filters, Nl and N7, the calculated values of k~p are much greater than the average. This seems to be the result not of contamination, but of the encounter of the aircraft with a dust-enriched portion of air. We have found that accidentally contaminated samples, such as N6 and N8 (see table 4), contain large amounts of aluminum particles, while the amount of aluminum dust on filters Nl and N7 was equal to the normal background count. In each case, and especially for filter Nl, there is a large cluster of particles, nearly centered on the filter, where most of the dust is located ( fig. 2) . The remainder of the filter has the density of particles typical of the other filters. Thus the unusually high count is due exclusively to the compact cluster, which appears to consist of fragments of a larger, conglomerate particle that may have disintegrated on contact with the filter or while entering the collector. Such a particle must have been relatively fragile and of low density, with a diameter of the order of 100/z and mass of the order of 10~7 gm. It is tempting to enquire whether such a particle can be extraterrestrial in origin. Meteor studies suggest that meteoroids are primarily low-density, fragile bodies derived from comets. Fragments of such bodies might well have the appearance of the object we collected. It is of great importance to check such a possibility by means of more collections. From our limited data, assuming k=l for this encounter, we calculate tentative space densities of 0.1 such particle per cubic meter. This corresponds to a rate of fall on the earth of about 10 4 tons/day, using the method of estimating the mass rate of fall described by Fireman and Kistner (1961).
Conclusions
From microscopic studies of particles collected in the upper atmosphere, we find that at altitudes of 50,000 to 90,000 feet there are per cubic meter approximately 1000 particles larger than 3M in diameter. This is approximately one-fourth of the value derived by identical methods at altitudes of 40,000 to 50,000 feet. The space density may fluctuate widely. A maximum of roughly 30 percent of these are opaque particles, so that the upper limit for the space density of meteoritic dust in the atmosphere must be approximately 300 particles larger than 3n per cubic meter. Using the assumptions of Fireman and Kistner (1961), we calculate an upper limit to the influx rate of meteoritic material of roughly 10 4 tons/day. The tentatively identified meteoric particles give a lower limit of 10 4 tons/day for their influx rate.
We plan to make further collections with a more refined collecting device. These will attempt to determine (1) the nature and number of the large fragile particles, such as those on filter Nl; (2) the distribution with height of the opaque particles to test the present indication of a lack of decrease with height; and (3) the chemical composition of those particles that from their distribution with height appear to be extraterrestrial. (1) 
